wear-resistant and corrosion-resistant coatings, galvanic precipitations with high electrocatalytic activity and antifriction coatings.
The alloy of nickel with iron is a multifunctional electrolytic alloy. Depending on the specified requirements, the Ni-Fe films can serve as a magnetic material, the electro-catalyst, protective-decorative or wear-resistant coating. Properties of the Ni-Fe precipitations are determined by the composition and crystalline structure. The modification of the structure of precipitations at the nano-dimensional level leads to a substantial change in the structurally dependent properties of coatings. This aspect underlies the electrochemical synthesis of alloys with the assigned properties.
Thus, the targeted formation of the Ni-Fe alloys with the predicted functional characteristics requires the establishment of the influence of electrodeposition conditions on the structure and properties of the obtained coatings.
Literature review and problem statement
The process of the electrodeposition of Ni-Fe alloy has been intensively investigated for a long period. The undiminishing interest in these coatings is caused by the combination of such useful properties as low thermal-expansion coefficient, high corrosion resistance, properties of a magnetically soft material. Magnetic properties of the Ni-Fe alloy are widely needed in the microelectronic industry. Permalloy, which contains 20 % of iron, plays the key role in contemporary electronic nano-devices [5, 6] and in the so-called magnonics [7] . The influence of the conditions of electrolysis on the composition and magnetic saturation of the Ni-Fe thin films is examined in [8] . It was established in [9] that the identical magnetic susceptibility of thin skins and nano-wires of the Ni-Fe alloy corresponds to different composition of the alloys whose structure differs. A change in pH of the electrolyte of the alloy deposition affects magnetic characteristics of the obtained coatings [10] . It is shown that an increase in pH from 2.1 to 4.3 leads to a decrease in the magnitude of magnetic saturation, while the values of coercive force pass the minimum at pH 2.9. [11] examined a possibility of the modification of magnetic and mechanical properties of the Ni-Fe alloys by changing the phase composition during thermal treatment of coatings.
The Ni-Fe alloy manifests electrocatalytic activity relative to the hydrogen evolution reaction. It is shown in [12] that Ni-Fe is a better catalyst for the decomposition of water in the alkaline medium than the components that form the alloy. Electrocatalytic activity of the Ni-Fe alloy is established as well during hydrogen synthesis in the acid medium [13] . The composition of sulfate electrolyte for the electrodeposition of the nano-crystalline alloy of Ni-Fe is optimized in [14] , manifesting electrocatalytic activity in the processes of hydrogen and oxygen evolution in the KOH solution. The nano-structured dendritic coatings with the Ni-Fe alloy are proposed in [15] to use as the electrocatalytic material during oxygen evolution from the alkaline electrolyte. It is demonstrated that the highly ordered structure and the developed surface of such materials ensures significant catalytic activity in the process of the electrosynthesis of oxygen.
Nickel-iron coatings are characterized by the improved mechanical properties, which depend on the features of precipitation structure [16] . The structure and mechanical properties of the electrodeposited Ni-Fe alloys are predetermined by many factors. It is shown in [17] that the phase composition of alloy depends on the parameters of electrolysis, in particular on the magnitude of current density. The latter influences intensity of hydrogen evolution reaction that proceeds in parallel. A decrease in current output contributes to the formation of γ-phase with the smaller content of iron in the alloy. Special attention is paid to the fact the high values of microhardness and internal stresses of the Ni-Fe precipitations are predetermined by the existence of structure that matches the γ-phase [17] .
The use of special organic additives is one of the techniques to act on the structure and properties of the precipitated coating. A decrease in the size of crystallites and an increase in the microhardness of coatings occur during introduction of saccharin to the deposition electrolyte of the Ni-Fe alloy [18] . The values of microhardness of such coatings amount to 656 kg/cm 2 . Saccharin is used in the sulfate and chloride deposition electrolytes of the Ni-Fe alloy for reducing the internal stresses of precipitations [9, 11] . Saccharin was introduced in [19] to the sulfate electrolyte for obtaining smooth precipitations with low internal stresses.
[20] demonstrated a possibility of obtaining the Ni-Fe precipitations of significant thickness from the sulfate electrolyte that contains 1 g/l of saccharin. It is also possible, in the presence of saccharin, to apply ultrathin magnetic films with a constant composition of the alloy [21] .
As the analysis of scientific literature data reveals, the most common deposition electrolytes of the Ni-Fe alloys are the sulfate electrolytes. At the same time, the composition, structure and properties of galvanic precipitations depend on the character of the utilized electrolyte. It is shown in [22, 23] that the methanesulfonate electrolytes possess valuable features. The coatings, precipitated from such electrolytes, are characterized by high mechanical and magnetic properties [24, 25] . Methanesulfonate electrolytes are the new and insufficiently studied ones. Interesting results, obtained when studying the electrodeposition of metals and alloys from such electrolytes, predetermined the choice of subject of the present research. It appears expedient to establish the influence of sodium saccharinate on the composition, structure and properties of the Ni-Fe precipitations obtained from the methanesulfonate electrolyte.
Research goal and objectives
The goal of present study is to establish the character of influence of sodium saccharinate on the composition and properties of the Ni-Fe alloy, obtained from the methanesulfonate electrolyte. This will make it possible to develop new technologies for the application of unstressed, solid and magnetic coatings with the Ni-Fe alloy, ensuring improved functional characteristics of articles.
To accomplish the set goal, the following tasks have been set: -to establish the influence of the composition of electrolyte and parameters of electrolysis on the composition of the electrodeposited Ni-Fe alloy, and to reveal a degree of action of sodium saccharinate on the content of iron in the alloy;
-to determine the effect of sodium saccharinate on the properties of the electrolytic Ni-Fe precipitations and to establish the dependence of coating properties on the structural changes, caused by organic additive. 3 ) 2 , where X=0.03; 0.05; 0.08; 0.09; 0.11. We used sodium saccharinate as a special organic additive. Temperature of the electrolysis is T=333 K, current density is i=0.1-7.0 A/dm 2 , pH 3. We measured concentration of nickel(ІІ) ions in the electrolyte using complexometric method. Equivalent point was determined by titration, applying murexide as the indicator. When determining the concentration of nickel(ІІ) ions in the presence of iron(ІІ) ions in the electrolyte, the titration was conducted in the presence of tartaric acid.
We measured the concentration of iron(ІІ) ions in the presence of nickel(ІІ) ions in the electrolytes and the content of iron in the Ni-Fe alloys using a photocolorimetric method applying the photocolorimeter KFK-2-UKhL 4.2 (Russia).
The solutions of salts of nickel(ІІ) and thiocyanate complex of iron(ІІІ) have different coloring; therefore, it is possible to isolate a region of the spectrum in which the light absorption by the solution of thiocyanate of iron(ІІІ) is large while the light absorption by the solution of nickel(ІІ) salt is insignificant. At such a wavelength, optical density of the solution will be determined almost entirely by the iron concentration. In order to select the optimum light filter, we measured optical density of the solutions of nickel(ІІ) sulfate and thiocyanate complex of iron(ІІІ) with different light filters. The light filter, which corresponds to a wavelength of 490 nm, is optimal.
Hydrogen pH index was measured using a glass electrode of the brand ESK-10601/7 (Belarus) in a set with the universal ionomer EV-74 (Belarus).
2. Methods for examining the structure and properties of coatings with the Ni-Fe alloy
The internal stresses of nickel-iron coatings were determined by the method of the flexible cathode [25] . Equation for calculating the internal stresses σ (MPa) takes the form:
where Е с is the modulus of elasticity of cathode plate, MPa; d с is the thickness of cathode, m; d d is the thickness of precipitation, m; l is the length of the working part of cathode, m; z is the deflection of the end of cathode from initial position, m. The structure of electroplatings was studied using the X-ray diffractometer DRON-3 in the monochromatized CuKa-emission. Calculation of the crystallite dimensions was conducted by the Scherrer formula:
where λ is the wavelength of X-ray radiation; β is the halfwidth of the diffraction line of the sample; k is the shape factor (k=0.940); θ is the diffraction angle.
Microhardness by Vickers was measured using the instrument PMT-3 (Russia) at load P=100 g and thickness of the coating 25 µm. The value of microhardness was determined by formula [25] :
where l is the length of diagonal of the diamond pyramid indentation, µm. We mesured magnetic parameters of the Ni-Fe electroplating using a magnetometer with a vibrating sample and stationary measuring coils.
Microphotographs of the surface of coatings were obtained using the electron raster microscope-microanalyzer REMMA-102-02 (Ukraine).
Results of examining the influence of sodium saccharinate on the composition and properties of coatings with the Ni-Fe alloy
Composition of the Ni-Fe alloy depends on the content of salts of the alloy-forming components in the electrolyte and conditions of electrodeposition. An increase in the concentration of iron(ІІ) ions in the solution at a constant concentration of nickel(ІІ) ions naturally leads to an increase in the content of iron in the alloy (Fig. 1) . Deposition current density affects the composition of alloy in a complex way. An increase in the current density to 1 A/dm 2 leads to an increase in the content of iron in the alloy. Further change in the current density towards larger values contributes to reducing the share of iron in the obtained precipitations. Probably, diffusion limitations for the ions of iron(ІІ) become essential in the region of high current densities. This can lead to a certain reduction in the relative contribution of the current of electric reduction of iron(ІІ) ions to the total current of the alloy deposition.
The greatest practical interest is demonstrated in the Ni-Fe alloys that contain about 20 % of iron. Such alloys are used as the magnetically soft films, protective-decorative and wear-resistant coatings. Given this, we obtained precipitations of similar composition in the further studies. The content of iron(ІІ) ions in the electrolyte in this case equalled 0.08 mol/l.
The influence of sodium saccharinate on the composition of the Ni-Fe alloy, deposited from such electrolyte at different current densities, is shown in Fig. 2 . As experimental data reveal, in the presence of sodium saccharinate in the electrolyte at current density 1 A/dm 2 , a coating with the smaller content of iron is precipitated. However, at a current density of 2 A/dm 2 and larger, the influence of additive on the composition of alloy is insignificant. Apparently, in this case, the examined additive influences the kinetics of electrodeposition of nickel and iron to alloy in equal degree.
Thus, the use of sodium saccharinate is not a complicating factor when applying the alloys with assigned composition. It is obvious that the ratio of metals in the alloy under the conditions of experiment is mainly determined by the concentration of ions in the alloy-forming metals in the electrolyte. The use of sodium saccharinate during electrodeposition of the Ni-Fe alloy from the methanesulfonate electrolyte is predetermined by the need for improving the mechanical properties of coatings. Precipitations obtained without organic additives are characterized by high internal stresses. This leads to the splitting of coatings and flaking from the base. Introduction of sodium saccharinate into the electrolyte contributes to a decrease in the internal tensile stresses. Fig. 3 shows that with an increase in the concentration of additive in the electrolyte, internal stresses of the obtained precipitations change symbatically. In the presence of 6 mmol/l of sodium saccharinate it is possible to precipitate practically unstressed coatings.
The effect of current density on the internal stresses manifests itself only at small concentrations of the additive. In this case, at high values of current density, a reduction in the internal stresses is observed. This effect cannot be linked to the action of sodium saccharinate. Since the examined substance is an anionic additive, shift of potential towards a more negative region must lead to a reduction in the adsorption of the additive. Consequently, the effectiveness of the action of sodium saccharinate on the internal stresses of precipitation should decrease. Apparently, reduction in the internal stresses with an increase in current density is caused by a change in the composition of alloy.
Introduction of sodium saccharinate into the electrolyte leads to an increase in the microhardness of coatings with the Ni-Fe alloy (Fig. 4) . With an increase in the current density the microhardness is somewhat reduced. This can be linked to two factors. With an increase in the current density, the composition of alloy changes towards a decrease in the content of iron. Furthermore, because of reduction in the adsorption at the cathodic surface, the effect of additive on the structure of precipitations decreases. In order to investigate magnetic parameters of the NiFe precipitations, we received magnetic hysteresis loops (Fig. 5) . The coating, precipitated from the electrolyte that does not contain organic additive, is characterized by a quite high value of the coercive force, equal to 14 E. Introduction of sodium saccharinate into the electrolyte leads to considerable reduction in the coercive force whose magnitude reached 4 E. Remanent magnetization of the samples in this case does not change.
Reduction of the magnitude of coercive force of the Ni-Fe precipitation in the presence of sodium saccharinate is a positive effect. This is caused by the fact that such films are mainly used as the low-coercive magnetically soft materials.
rinate into the methanesulfonate electrolyte of the Ni-Fe alloy deposition contributes to an increase in the microhardness of precipitations. An increase in the concentration of additive in the electrolyte leads to the growth of the values of microhardness and reduction in the internal stresses of coatings. The Ni-Fe alloy, obtained in the presence of sodium saccharinate, is characterized by the lowered values of coercive force. It is shown that the investigated properties of the Ni-Fe precipitations are determined by the structure of coatings. Organic additive is adsorbed at the cathodic surface and changes conditions for the electrocrystallization of alloy. A decrease in the size of precipitation grains and inclusion of decomposition products of the additive in coating predetermine an increase in the microhardness of coatings. Reduction in the internal stresses as a result of sodium saccharinate decomposition products entering the precipitation enables a decrease in the coercive force of the Ni-Fe films.
